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A B S T R A C T
Correlation between high-temperature electrical response and microstructural properties of dense
hydroxyapatite with average grain size from micrometer to nanometer level in heating/cooling cycle was
investigated. Grain interior and grain boundary contributions to overall conductivity were determined.
Nanostructured hydroxyapatite exhibited enhanced grain interior conductivity, with signiﬁcantly higher
activation energy (2.4 eV) than that of coarsed microstructures (1.7 eV). This difference in activation
energies is explained by the possible inﬂuence of dehydroxylation during materials fabrication procedure,
which affected the amount of OH ions as the main charge carriers. Grain boundary conductivity was similar
for all microstructures, with activation energy above 2 eV, implying the OH ions migration across grain
boundaries. Electrical response in cooling cycle conﬁrmed the trends found during heating.
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Electrical properties of calcium phosphate bioceramic materials
attract attention due to enhanced biological response on polarized
surface [1], possibility to form drug delivery systems [2], and
potential biomedical sensing applications. [3,4] Different strategies
like microstructural engineering [5] and single valence ion doping
[6] were applied to enhance conductivity of hydroxyapatite.
Enhancement of hydroxyapatite functional properties by grain
size reﬁnement became important research interest. Numerous
studies reported improved mechanical and biological response of
hydroxyapatite with grain size reﬁnement, [7,8] however, little is
known about grain size effects on electrical properties. Concerning
the microstructure of materials, conductivity is inﬂuenced by both
density and grain size. Early studies pointed the importance of grain
boundary effects for conductivity of hydroxyapatite [9], but also is
found that defects introduced in hydroxyapatite crystal lattice by
dehydroxylation could alter electrical properties [10]. The inﬂuence
of microstructural properties on bulk and grain boundary conduc-
tivity was recently studied for apatite-type electrolytes with
different chemical composition [11]. Also, the correlation between
surface charge and size of clusters was found [12]. Moreover, the
importance of processing route for ﬁnal electrical properties was
demonstrated for bioceramic composites [13].* Corresponding author. Tel.: +381 11 2636994; fax: +381 11 2185263.
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0025-5408/ã 2014 Elsevier Ltd. All rights reserved.The aim of this study was to investigate the inﬂuence of grain
size reﬁnement, from micrometer to nanometer level, on electrical
response of fully dense single-phased hydroxyapatite at elevated
temperatures. Grain interior and grain boundary contributions to
overall conductivity of hydroxyapatite were determined for the
ﬁrst time. Activation energy for grain interior and grain boundary
conductivities were determined and additional understanding of
microstructural inﬂuence on conducting mechanisms is given.
2. Experimental
2.1. Materials preparation
In our previous study overall processing route from hydroxy-
apatite (HA) synthesis, characterization as well as employed
sintering cycles to produce samples with desired microstructural
properties was described [14]. Conventional sintering was used to
obtain M-HA sample (micrometer-sized grains, 2200 nm), while
two-step sintering was applied for preparation S-HA (submicrom-
eter-sized grains, 550 nm) and N-HA (nano-sized grains,
75 nm). All samples were fully densiﬁed (>99%) and their crystal
phase compositions corresponded to pure HA [14].
2.2. Electrical characterization
Electrical properties were determined by impedance spectros-
copy, in air atmosphere, during heating/cooling cycle, in the
temperature range from 800 to 1050 C. HIOKI 3532-50 LCR Hi
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amplitude was 0.1 V. Heating rate was 10 C/min, while cooling was
naturally down with the furnace. After reaching selected
temperature in the both heating and cooling, samples were
thermally equilibrated for 5 min to provide homogeneous thermal
energy distribution throughout the sample. The impedance data
were ﬁtted by Z-View2 software (version 2.6 demo) with
equivalent circuit presented as inset in Fig. 1. The R element in
equivalent circuit represents thermogenic resistivity and CPE was
constant phase element, used for description of non-ideal
capacitive behavior. The conductivity of sintered HA was analyzed
through grain-interior (GI) and grain boundary (GB) contributions.
Surfaces of the investigated samples were polished and mounted
in high-temperature chamber between Pt-electrodes (without
contact paste).
3. Results and discussion
Representative impedance spectra of investigated samples in
heating (850, 950 and 1050 C) and cooling (1000, 950 and 850 C)
cycles are shown in Fig. 1. Impedance spectra were slightly
depressed, and GI (high frequency) and GB (low frequency)
contributions were of comparable magnitude, differing from thatFig. 1. Impedance spectra of sintered hydroxyapatite with different gof conventional electroceramics where GB resistance is usually
much higher [15]. Also, signiﬁcant overlapping of GI and GB
impedance arcs were observed. As can be seen, in both heating and
cooling regimes at 850 C, N-HA sample showed slightly lower
impedance than M-HA and S-HA. At 950 C, the impedance of N-HA
signiﬁcantly decreased, while that of M-HA and S-HA remained
similar; further heating to 1050 C conﬁrmed this behavior. In the
cooling regime, the same trend of electrical impedance change was
found, with slightly decreased absolute values. Impedance spectra
of N-HA at 1050 C (heating) and 1000 C (cooling), bottom of Fig. 2,
indicated the existence of partially resolved GI and GB contribu-
tions to overall resistivity, while that of M-HA and S-HA could be
clearly observed at lower temperatures. It should be noted that
starting from 1050 C in heating cycle, and throughout overall
cooling, GB contribution of S-HA sample was higher comparing to
M-HA, which could be connected with its non-uniform grain size
distribution (see insert in Fig 3).
GI conductivity analysis, in both heating (Fig. 3a and c) and
cooling (Fig. 2b and d), revealed that N-HA sample exhibited higher
GI conductivity compared to M-HA and S-HA in both temperature
schedules. The values of activation energy for grain interior
conduction (Egi) signiﬁcantly differed among samples. In heating
regime, M-HA and S-HA samples had similar Egi 1.7 eV, whilerain size in heating and cooling cycles at selected temperatures.
Fig. 2. Impedance spectra of nanostructured materials at 1050 C (heating cycle) and 1000 C (cooling cycle).
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regime, the values of Egi decreased, which could be ascribed to
additional ordering of conduction pathways in electric ﬁeld, but
certainly, N-HA retained much higher values. Such high activation
energy for GI conductivity of N-HA could be described by OH
migration conduction mechanism [16].
Considering GB conductivity, in the heating cycle, the values of
activation energy for grain boundary conduction (Egb) for all
investigated microstructures were above 2 eV. These results and
the equivalent circuit used for ﬁtting experimental data, insert in
Fig. 1, could be used for additional explanation of grain boundary
conductivity. In this case, Rgb-CPEgb part of equivalent circuit is
presented as an integral part of the grain interior, while usually, GI
and GB elements are in series connection. The physical reason for
that could be formation of charge transfer pathways for OH
migration across grain boundaries. That makes overall system to
perform like a substrate (grain interior) with kind of a coatingFig. 3. Activation energy of GI (a and b) and GB (c and d) conductivity in heating and 
microstructures are inserted, with more details on their fabrication given in the Ref. [1(grain boundaries) which is permeable for OH ions charge
transfer.
Egb for different microstructures does not differ signiﬁcantly
and its values are almost at the threshold of standard deviations
range for both heating and cooling cycles. This contributes to the
explanation of grain boundary of HA ceramics as conductive
element (for OH migration) in equivalent circuit since higher
volume fraction of grain boundaries in N-HA sample does not
decrease GB conductivity. Summary of determined activation
energy values is presented in the Table I.
The obtained values of activation energy showed good
correlation with reported results. Gittings et al. found activation
energy between 1.86 and 2.23 eV in the temperature range from
700 to 1000 C, for dense hydroxyapatite-based materials, with a-
and b-TCP phases existing in the system, and with grain size on
micrometer level [16]. The values of activation energy found in
heating cycle for S-HA and M-HA, 1.68 eV, could be ascribed to thecooling cycles. Between the GI and GB plots, FE-SEM micrographs of investigated
4].
Table I
Summary of activation energies in heating and cooling cycles.
Sample Heating cycle Cooling cycle
Egi (eV) Egb (eV) Egi (eV) Egb (eV)
800–1050 C 1000–800 C
M-HA 1.73  0.08 2.08  0.08 1.36  0.05 1.59  0.05
S-HA 1.63  0.05 2.11  0.07 1.62  0.05 1.82  0.07
N-HA 2.43  0.05 2.35  0.08 2.02  0.24 1.62  0.02
Fig. 5. Conductivity at 1 kHz in (a) heating and (b) cooling cycles.
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would act as electrostatic barrier for migration of OH ions along
conductive columns and decrease overall conductivity [17]. If
conductivity of GI for M-HA and S-HA is assumed to behave as
conductive O2 ions mechanism (activation energy 1.5 eV [16]), the
values of M-HA and S-HA GI conductivity would be rather
enhanced and probably higher than that of N-HA sample since
the migration of O2 ions would carry doubled charge comparing
to that of single-charged OH conductivity [18]. Since this situation
was not observed, O2 ions could exist in crystal lattice of HA but
do not behave as main charge carriers. The O2 ions can exist in the
crystal structure of M-HA and S-HA since these samples were
subjected to dehydroxylation and possible formation of oxy-
hydroxyapatite [19] because of high sintering temperature used for
samples fabrication [14]. Recently was shown that extensive
dehydroxylation during sintering of HA starting above 900 C,
could make peculiar landscape at the surface of sintered materials,
which was explained by formation of water evaporation channels
during sintering [20]. As an indirect proof of dehydroxylation,
similar features were observed in this work for M-HA sample (the
highest fabrication temperature), Fig. 4, which was the most
susceptible to OH ions depletion. According to previously
published papers, dehydroxylation could be easily veriﬁed by
changing the ratio of OH/PO34 bands in the FTIR spectra [10,20].
The plots of conductivity in heating/cooling cycle, at 1 kHz, are
shown in the Fig. 5. It can be seen that N-HA sample possesses
higher conductivity in all temperature range, while conductivity of
M-HA and S-HA was very similar. Difference in conductivity
between N-HA and that of coarser microstructures, increased with
temperature and at ﬁnal point of 1050 C N-HA had an order of
magnitude higher conductivity. In the cooling regime, the trend of
conductivity change was retained; however, the conductivity of N-
HA in low-temperature region was even enhanced compared to
coarser microstructures. That could be explained by additional
ordering of in external electric ﬁeld, probably along conductive
columns along c-axis in dense HA [21].
From the obtained results could be found that providing the
higher driving force for mobility of charge carriers, which is the
case for temperature increase, had much higher impact on
conductivity of nanograined HA compared to materials with
coarser microstructures. If electric voltage is considered as
additional driving force for motion of charge carriers, it can beFig. 4. Microstructure of M-HA indicating trachypothesized that surface charge storage capacity of HA at elevated
temperatures in electric ﬁeld of few kV/cm would be enhanced by
using nanostructured sintered HA. Enhanced GI conductivity of
N-HA sample originates from lower sintering temperature (900/
850 C) used for material processing since that prevented intensive
dehydroxylation and formation of O2 ions which deteriorate OH
migration pathways. Another important feature that contributes to
enhanced GI conductivity of nanograined material would be
signiﬁcant shortening of conduction pathways since the grain size
is almost ten-times lower than in the coarser microstructures. Thises of extensive dehydroxylation process.
538 M.J. Lukic et al. / Materials Research Bulletin 61 (2015) 534–538could decrease the probability of ﬁnding the potential traps for
transport of charge carriers in HAp crystal lattice.
4. Conclusions
Inﬂuence of grain size reﬁnement, from micrometer to
nanometer level, on electrical response fully dense hydroxyapatite,
was studied by impedance spectroscopy at elevated temperatures
in heating/cooling cycle. It was found that nanostructured
hydroxyapatite possessed enhanced grain interior conductivity,
while grain boundary contribution to overall impedance was
similar for all microstructures. Determined activation energy for
grain interior conductivity of nanostructured hydroxyapatite
(2.4 eV) revealed that OH ions are responsible for conduction,
while coarser microstructures (1.7 eV) probably hosted addition-
al O2 ions in the crystal lattice, which deteriorate OH conduction
pathways and overall conductivity. It was found that conductivity
across grain boundaries is performed also by OH ions, but
independent on grain size. Finally, effects of microstructural
reﬁnement on enhanced electrical properties of hydroxyapatite
should be understood from the point of view of prevented
depletion of OH ions as the main charge carriers and shortening of
charge transport pathways in dense nanograined hydroxyapatite
ceramics.
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